The hemodynamic interference of serial stenoses poses challenges for identifying the functional severity using the fractional flow reserve (FFR) method. The instantaneous wave-free ratio (iFR), i.e., the distal-to-proximal pressure ratio at 75% of diastole, was recently proposed to overcome the disadvantages of the FFR. However, the underlying mechanism remained ambiguous due to the lack of quantitative definition of hemodynamic interference. The objective of this study is to quantitatively define the hemodynamic interference and then examine its role on the FFR and iFR measurements. Pressure distributions, velocity fields, and Q-criterion which identifies vortices, were obtained through the computational fluid dynamics (CFD) for five cases with spacing ratios at 1, 3, 5, 7, and 10. The hemodynamic interference was identified using vortex structures which were quantified by Q-criterion. Results have shown that a spacing ratio of 7 or larger was interference-free. Serial stenoses with a smaller spacing ratio led to a larger hemodynamic interference, and thus, larger errors in the FFR measurements compared to the spacing ratio of 7. Moreover, the underestimation of the first stenosis lesion has been observed, even in interference-free cases due to the nature of hyperemia. However, the hemodynamic interference of the serial stenoses has a negligible impact on the iFR measurement, regardless of the spacing ratio. Our results demonstrated that the quantification of the hemodynamic interference in serial stenoses provided a better understanding of its role on the pressure measurements, which could be further exploited for the optimal treatment of serial stenoses.
Introduction
When serial stenoses are present within one coronary artery, the hemodynamics of each stenosis is influenced by the existence of the other. This, in turn, affects the pressure measurement used for identifying the hemodynamic significant stenosis. Fractional flow reserve (FFR), a common clinical tool, measures the distal-to-proximal pressure ratio of a single stenosis. The FFR is performed under induced hyperemia by an infusion of adenosine (140 µg/kg/min), which generally enlarges the lumen by mitigating the flow resistance [1, 2] . An FFR value less than 0.8 usually suggests an revascularization [3, 4] . However, it has been shown that the FFR was not valid for serial stenoses, since each stenosis was affected by the presence of the other [5, 6] . Modi et al. investigated FFR measurements to evaluate the hemodynamic interference between serial stenoses, and showed significant errors between the measured FFR and the true FFR in 74% of cases [7] . The instantaneous wave-free ratio (iFR) has been proposed recently as an adenosine-free alternative to FFR [8, 9] . The iFR outputs the distal-to-proximal pressure ratio of an single stenosis at 75% of diastolic phase, which is called the wave-free period [10, 11] . The vessel resistance and the interference between serial stenoses at the diastole are expected to be significantly smaller than those under the hyperemic condition [12, 13] .
Numerical studies have also been used to investigate hemodynamics and interference in serial stenoses. The extent of the flow recirculation and its influence on the flow field downstream were strongly associated with the spacing distance between two serial stenoses [14] . A large spacing distance mitigated the impact of the interference on the hemodynamic parameters, i.e., pressure gradient and wall shear stress (WSS) [15, 16] . The existing approach uses velocity streamlines for estimating the hemodynamic interference qualitatively. However, the hemodynamic interference has never been defined quantitatively. The role of the hemodynamic interference on FFR and iFR measurements in serial stenoses has never been examined.
To address this knowledge gap, the goal of the present study is to define the hemodynamic interference in serial stenoses with various spacing ratios (spacing distance divided by the reference diameter of the artery) and to quantify the role of hemodynamic interference on the pressure measurements. We will utilize computational fluid dynamics (CFD) to evaluate the pressure distribution, velocity streamlines and profiles, and Q-criterion, which identifies vortex dominant regions [17] . Moreover, we will quantify the hemodynamic interplay at rest and its influence on the iFR measurement. The obtained quantitative results are expected to provide an enhanced understanding of the hemodynamic interference and its role on pressure measurements techniques, and to illuminate its potential for optimal surgical planning and treatment of serial stenoses.
Materials and Methods
The generalized coronary artery with one eccentric stenosis (A) followed by a concentric one (B) was considered, as shown in Figure 1 . This was based on the morphological observations of five hundred coronary arteries, in which 365 (73%) were eccentric and 185 (27%) were concentric [18] . The angiography in Figure 1 illustrated the clinical case with one eccentric (Stenosis A) stenosis followed by a concentric one (Stenosis B). The artery diameter (D) and total length were chosen as 2.5 mm and 70 mm, respectively [19] . The diameter stenosis was 72% for both stenoses. The eccentricity index (EI) of the stenosis A was 0.875, measured by the ratio of the subtraction of the maximal (l 1 ) and minimal (l 2 ) thicknesses of the vessel wall to the maximal thickness (A) [20] . The spacing ratio, defined as the ratio of the distance (L) between two serial stenoses to the artery diameter (D), was adopted as 1, 3, 5, 7, and 10 [21] . Transverse planes α and β represented locations distal to each stenosis, where the pressure was measured as in clinical settings. The model was meshed with 2.69 million tetrahedral elements and 0.48 million nodes. The minimum and maximum volumes are 1.50 × 10 −14 m 3 and 2.78 × 10 −13 m 3 , as shown in Figure 1 . A pulsatile inlet flow approximation by a sinusoidal profile for a cardiac cycle (T), which was 120 beats per minute [22] , was adopted, as shown in Figure 2 . The outlet pressure was adopted as the averaged blood pressure of 100 mmHg, i.e., 13.3 KPa for simplicity [23] . Five cardiac cycles (5T) were performed to ensure the stability of the flow. A no-slip boundary condition was implemented at the rigid arterial wall. Blood was considered as an incompressible Newtonian fluid with density, ρ, as 1035 kg/m 3 and dynamic viscosity, µ, as 0.0035 Pa·s [24] [25] [26] The incompressible blood flow was governed by the Navier-Stokes equations, i.e., conservation of momentum, along with the conservation of mass equation as shown below [27] .
where pressure is denoted as P, the velocity vector as ⃗ , fluid density as , and fluid viscosity as . SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was adopted for solving the Navier-Stokes equations in the commercial package ANSYS FLUENT 17.2 (ANSYS Inc., Canonsburg, PA, USA). The first order implicit scheme was adopted for the temporal discretization for stability. The second order upwind scheme was used for the spatial discretization for high-order accuracy. The Reynolds number (Re) was estimated as 202.05. A mesh independence study was carried out to ensure that the solution was independent of the mesh density. The results with low Re and the adopted schemes could provide a reasonably accurate solution [28] . For the vortex identification, the vortex dominant region was defined with a positive second invariant (Q) of the velocity gradient tensor ( ), i.e., Q > 0 [17] . The velocity gradient tensor ( ) can be decomposed into a symmetric tensor (S) and a skew-symmetric part (Ω), i.e., = S + Ω where S = 
where, P, Q, and R are the invariants of the velocity gradient tensor, which can be shown as
The second invariant (Q) represent the local balance between the magnitude of the vorticity and the strain rate respectively. The positive second invariant (Q > 0) defines the vortices as the regions where the vorticity magnitude (|Ω| 2 ) is greater than the strain rate magnitude (| | 2 ). The incompressible blood flow was governed by the Navier-Stokes equations, i.e., conservation of momentum, along with the conservation of mass equation as shown below [27] .
where pressure is denoted as P, the velocity vector as → V, fluid density as ρ, and fluid viscosity as µ. SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm was adopted for solving the Navier-Stokes equations in the commercial package ANSYS FLUENT 17.2 (ANSYS Inc., Canonsburg, PA, USA). The first order implicit scheme was adopted for the temporal discretization for stability. The second order upwind scheme was used for the spatial discretization for high-order accuracy. The Reynolds number (Re) was estimated as 202.05. A mesh independence study was carried out to ensure that the solution was independent of the mesh density. The results with low Re and the adopted schemes could provide a reasonably accurate solution [28] .
For the vortex identification, the vortex dominant region was defined with a positive second invariant (Q) of the velocity gradient tensor (T), i.e., Q > 0 [17] . The velocity gradient tensor (T) can be decomposed into a symmetric tensor (S) and a skew-symmetric part (Ω), i.e., T = S + Ω where S
] is the rate of strain tensor and
] is the vorticity tensor. The characteristic equation of the velocity gradient is given by
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The second invariant (Q) represent the local balance between the magnitude of the vorticity and the strain rate respectively. The positive second invariant (Q > 0) defines the vortices as the regions where the vorticity magnitude (|Ω| 2 ) is greater than the strain rate magnitude (|S| 2 ).
Results
Results were retrieved at 2.1 s (systole) and 2.4 s (75% of diastole). For simplicity, the pressure ratios across a stenosis at 2.1 s were assumed to be the FFR measurement under a hyperemic condition, since the influence of the systolic phase on the averaged measurement is much stronger than that of the rest of the cardiac cycle [29] . The results at 2.4 s literally represent the iFR measurement at 75% of diastole.
The role of the spacing ratio on pressure distributions of the serial stenoses is depicted in Figure 3 . Regardless of spacing ratios, two pressure valleys corresponding to the two narrowest sites were clearly observed. Following each stenosis, the local pressure fluctuation and the pressure recovery phenomenon were also observed. In systole, the pressure magnitude at the spacing ratio of 1 showed a sharp increase to 30.7 KPa at 17.8 mm away from the inlet due to the effect of high-inertia loads and the presence of a second stenosis. This sharpness was mitigated as the spacing ratio increased. This was due to the larger space between the two stenoses enabling the flow to decelerate more by the adverse pressure drop as the spacing ratio increased. It is interesting to observe that the pressure magnitude at 2.1 s in the case of the spacing ratio of 1, decreased sharply to 5.88 KPa in the center of the second stenosis. Also, the pressure variations were less than 1%, starting from 5.5D away from the first stenosis in the case of spacing ratio of 7. The same phenomenon was observed at 6.72D away from the first stenosis in the case of spacing ratio of 10. However, the pressure values fluctuated continuously from the downstream of the first stenosis to the downstream of the second stenosis in the case of the spacing ratio of 1, 3, and 5. The local pressure fluctuation became smaller distal to each of the two serial stenoses as the spacing ratio increased.
The inlet pressure was elevated as the spacing ratio increased. This resulted in a larger pressure drop across the serial stenoses considering that the outlet pressure was prescribed as constant. Specifically, the inlet pressure in the systolic phase (2.1 s) was 41. 8 The pressure distribution at 2.4 s also exhibited the effect of a high-inertia load at the end distal to the first stenosis, but the magnitude was significantly smaller than that at 2.1s. It is interesting to observe that the pressure variations following each stenosis at 2.4 s were less than 1%. The differences among the total pressure drops with different spacing ratios were also less than 1%. Figure 4 shows that the recirculation zone was formed following each stenosis. It is interesting to observe that the skewed velocity profiles were returned to be the normal ones in the vicinity at the end distal to the first stenosis in the case of a spacing ratio of 7 and 10. Figure 5 shows an instantaneous view of Q-criterion (8.531 × 10 6 s −2 ) that corresponds to 20% of the maximum value of it. The grey-colored wormlike structures represent vortex structures. In systole (2.1 s), the distribution of the vortex structures were biased compared to those at the downstream of the second stenosis regardless of the spacing ratio. For the case of the spacing ratio of 1, 3 and 5, the vortex structures were continuously distributed from the downstream of the first stenosis to the distal to the second stenosis. However, in the case of the spacing ratio of 7 and 10, the vortex structures were not captured in vicinity at the end distal to the first stenosis, which corresponded to the locations where the pressure variations were minimal. In 75% of diastole (2.4 s), it was clearly shown that vortex structures were significantly reduced throughout the serial stenoses, compared to those at 2.1 s. Appl The role of the spacing ratio on Q-criterion in the artery at 2.1 s and 2.4 s is quantified in Figure 6 . The Q-value represents the magnitude of Q-criterion. The locations of the maximum positive Q-value at 2.1 s are marked by the red-colored stars. These were located at 19.5 mm, 28.1 mm, 35.7 mm, 22.1 mm and 22.7 mm away from the inlet, respectively, in the case of the spacing ratio of 1, 3, 5, 7, and 10. The interesting observation was that the maximum positive Q-value at 2.1 s was located in the center of the second stenosis in the case of the spacing ratio of 1. Also, the location of the maximum positive Q-value moved toward the beginning of downstream to the second stenosis in the case of the spacing respectively The role of the spacing ratio on Q-criterion in the artery at 2.1 s and 2.4 s is quantified in Figure 6 . The Q-value represents the magnitude of Q-criterion. The locations of the maximum positive Q-value at 2.1 s are marked by the red-colored stars. These were located at 19.5 mm, 28.1 mm, 35.7 mm, 22.1 mm and 22.7 mm away from the inlet, respectively, in the case of the spacing ratio of 1, 3, 5, 7, and 10. The interesting observation was that the maximum positive Q-value at 2.1 s was located in the center of the second stenosis in the case of the spacing ratio of 1. Also, the location of the maximum positive Q-value moved toward the beginning of downstream of the second stenosis in the case of the spacing ratio of 3 and 5. However, in the case of the spacing ratio of 7 and 10, the maximum positive Q-values were located in the downstream of the first stenosis. Moreover, the averaged positive Q-values starting from the points 5.5D and 6.72D from the first stenosis to the end distal to first stenosis were 6.21 × 10 5 s −2 , and 2.18 × 10 5 s −2 in the case of the spacing ratio of 7 and 10, respectively, which were less than 1% of the maximum Q-value. And the maximum Q-values at 2.1 s were likely to decrease as the spacing ratio increased.
The positive maximum Q-value at 2.4 s showed a significant reduction, i.e., by 9423%, 6566%, 8471%, 5795%, and 5804%, in the positive Q-value compared to that at 2.1s in the case of the spacing ratio of 1, 3, 5, 7, and 10, respectively, which corresponded to the minimal pressure variations at 2.4s. Figure 7 shows the representative pressure distribution with vortex structures quantified by Q-criterion (20% of maximum) at 2.1 s in the case of the spacing ratio of 5. The pressure in the region where the vortex structures existed, 18.4 mm away from the inlet, was 23.1 KPa, while a pressure not in the vortex region, i.e., 19.3 mm away from the inlet, was 26.2 KPa. The difference between them was 13.2%. The pressure difference between two points at 25.5 mm and 25.9 mm, closer to the end distal to the first stenosis, was only 2.8%. The difference between them tended to be smaller as their locations became closer to the end distal to first stenosis. The same phenomenon was observed in other cases. 
Discussions
The goal of this work is to quantify the hemodynamic interference in serial stenoses with different spacing ratios and its influence on the pressure measurement technique. Specifically, we examined whether the hemodynamic interference at 75% of diastole is minimal to identify the feasibility of iFR technique in serial stenoses.
The velocity streamline plot, as shown in Figure 4 , enabled the qualitative identification of the hemodynamic interference, such as flow recirculation and/or the shape of velocity profile. This has been illustrated in an early numerical study [14] . However, it was unable to evaluate the impact of the hemodynamic interference on the pressure measurement without quantitative results. Therefore, we proposed to use Q-criterion for quantitatively defining the existence of vortex structures, and then hemodynamic interference in serial stenoses. The region with less than 1% of the maximum Q-value was considered as the inference-free zone. To the best of our knowledge, this is the first quantitative study in stenoses to use Q-criterion.
Local pressure fluctuation and recovery are essential for accurate pressure measurement. They were interrelated to the vortex structures, as quantified by Q-criterion in this work, as shown in Figure 7 . Pressure in the vortex region was lower than those in the surrounding areas, which induces the local pressure fluctuation. This pressure variation diminished with distance from the stenosis. This is due to the pressure recovery, i.e., adverse pressure drop, associated with the flow deceleration, during which the kinetic energy was converted to the potential energy [31] .
In the FFR measurements represented by systolic phase at 2.1 s, both the pressure variations and averaged Q-values had minimal changes starting from 5.5D and 6.72D downstream of the 1st stenosis in the case of spacing ratio of 7 and 10, respectively. This was considered as interference-free, which was supposed to be a pressure sensor location of FFR [30] . This interference-free zone indicated that Table 1 shows the FFR and iFR measurements for the first and second lesions in the case of the spacing ratio of 1, 3, 5, 7, and 10. The pressures at three locations consistent with clinical settings [30] were extracted from the models, i.e., inlet, location α and location β. The pressure ratios across each stenosis for the FFR and iFR were then calculated. Specifically, for the case with a spacing ratio of 5, the systolic pressure at inlet, location α and location β were 44.4 KPa, 25.6 KPa and 13.3KPa, respectively. The corresponding pressure at 75% diastole were 15.7 KPa, 14.3 KPa, and 13.3 KPa, respectively. The FFR measurements, i.e., systolic pressure ratios across 1st lesion and 2nd lesion, were 0.577 and 0.520, respectively. The iFR measurements, i.e., the pressure ratios at 75% diastole were 0.911, and 0.930, respectively. The difference of the FFR measurements between 1st and 2nd lesion is 19.5%, 22.8%, 11.2%, 19.8%, 23.7% in the case of the spacing ratios of 1, 3, 5, 7, and 10 respectively, showing 4.3%, 2.8%, 2.2%, 2.2%, and 0.7% in the iFR measurement. The difference of the FFR and iFR measurements between the spacing ratios of 1 and 7 were 23.6% and 1.39% respectively. 
The goal of this work is to quantify the hemodynamic interference in serial stenoses with different spacing ratios and its influence on the pressure measurement technique. Specifically, we examined whether the hemodynamic interference at 75% of diastole is negligible to identify the feasibility of iFR technique in serial stenoses.
Local pressure fluctuation and recovery are essential for accurate pressure measurement. They were interrelated to the vortex structures, as quantified by Q-criterion in this work, as shown in Figure 7 . Pressure in the vortex region was lower than those in the surrounding areas, which induces the local pressure fluctuation. This pressure variation diminished with a longer distance away from the stenosis. This is due to the pressure recovery, i.e., adverse pressure drop, associated with the flow deceleration, during which the kinetic energy was converted to the potential energy [31] .
In the FFR measurements represented by systolic phase at 2.1 s, both the pressure variations and averaged Q-values had minimal changes starting from 5.5D and 6.72D downstream of the 1st stenosis in the case of spacing ratio of 7 and 10, respectively. This was considered as interference-free, which was supposed to be a pressure sensor location of FFR [30] . This interference-free zone indicated that the pressure recovery had been completed and the local pressure fluctuation by the vortex structures vanished.
A smaller spacing ratio induced a higher positive Q-value, i.e., a larger hemodynamic interference. This, in turn, causes larger errors in FFR measurements, which is consistent with current clinical speculation [11] . It is worth noting that the peak Q-values in the case of the spacing ratios of 1, 3, and 5 were located at the center of the second stenosis or further downstream, rather than the downstream of the first stenosis. This could explain that, in the case of the spacing ratio of 1, the pressure magnitude at 2.1 s decreased sharply to 5.88 KPa at the center of the second stenosis. It indicated that the pressure recovery has not been completed due to the limited spacing distance and time. The kinetic energy was only partially converted to the potential energy. Therefore, the location and distribution of the Q-value should be considered simultaneously to estimate the hemodynamic interference as well as the associated error in FFR measurements.
The FFR measurements for both the first and second lesions should be similar due to the same stenosis degree of 72%. However, the differences of the FFR measurements between the first and second lesions were greater than 19%, even in the case of the spacing ratio of 7. This is because the increased flow under hyperemia was not transmitted uniformly over the two serial stenoses [13] . A larger amount of kinetic and potential energy was converted to thermal energy by friction and viscosity when passing through the first stenosis compared to the second stenosis [32] . For example, in the case of spacing ratio of 7, the pressure drop across the first stenosis was 33.83% higher than that across 2nd stenosis, as shown in Figure 3a . This caused the underestimation of the first stenosis and overestimation of the second stenosis; this is evident in the FFR calculation (Table 1) , as 0.599 and 0.500 across the first and second stenosis, respectively. This implied that, under the condition of serial stenoses, no hemodynamic interference still led to inevitable errors in FFR measurements due to the nature of the hyperemia.
In the iFR measurements, i.e., diastolic phase (2.4 s), the pressure variations distal to each stenosis were less than 1%, regardless of the spacing ratios. Even in the case of the spacing ratio of 1, the high-inertia load effect caused a difference of only 1.4% in the pressure magnitude. The hemodynamic interference, associated with the local pressure fluctuation influenced by the vortex structures, was minimal. Specifically, the maximum positive Q-value at 2.4 s was decreased by 9423% compared to that at 2.1 s. This indicated that the hemodynamic interference is negligible at 75% of diastole, which is consistent with the current clinical speculation [13] .
The iFR measurements for both the first and second lesion is similar, with a difference less than 5% regardless of spacing ratios. The differences in the total pressure drop were also less than 2.2%. The differences of iFR measurements among various spacing ratios were less than 1.54%. This implied that the iFR measurement overcame the disadvantage of the FFR measurement, in which the increased flow under the hyperemic condition was not transmitted uniformly over the serial stenoses, and the hemodynamic interference was significantly amplified under hyperemia [13, 33] .
In the present work, the straight artery with generalized stenoses were modeled. More realistic models considering patient-specific stenoses, artery curvature, and the sequence of stenoses could be obtained from OCT (optical coherence tomography), CT (Computed Tomography) and/or MRI (Magnetic Resonance Imaging) scans. The lesions were assumed to be rigid, although they have been shown to be anisotropic, heterogeneous, and viscoelastic [34] . These simplifications might alter the magnitude of our results [35, 36] . In addition, the impeded flow from guiding catheter might also alter velocity and pressure fields [30] . The dynamic outlet boundary condition will be more appropriate [37] for quantifying the hemodynamic interference and its clinical measurements. Despite these simplifications, the present work demonstrated a novel way to define the hemodynamic interference and to evaluate the measurement accuracy of both FFR and iFR, which may have significant clinical implications for diagnosis and treatment decisions of serial stenosis. In addition, although this work illustrated the feasibility of iFR measurement, it needs be further tested in clinical studies. One potential challenge could lie in the measurement resolution and the iFR threshold [38, 39] .
Conclusions
In summary, the present study proposed to use Q-criterion for quantitatively defining the hemodynamic interference in the serial stenoses considering various spacing ratios. Its impact on the FFR and iFR measurement accuracy was also evaluated. Results showed that a small spacing distance between serial stenoses induced a larger hemodynamic interference, which, in turn, caused a larger error on the pressure measurement. The FFR measurement could reach the interference-free at a large spacing ratio. It is worth noting that both the location and distribution of the Q-value should be considered simultaneously to evaluate the accuracy of the FFR measurement, considering the significantly amplified hemodynamic interference and increased flow rate in serial stenoses under hyperemic condition. The iFR measurement at 75% of diastole demonstrated a potential technique to overcome the disadvantages of FFR measurement with minimal hemodynamic interference, even for small spacing ratios. This work can be used to provide a fundamental understanding of the hemodynamic interference and its impact on pressure measurement techniques, in order to provide insights into improved functional assessments of serial stenoses.
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